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Executive Summary
Problem Statement
Filtration of air is an application for nanofiber membranes. It has been discovered that polarized
polyvinylflouride (PVDF) nanofiber mats aid in filtering nanoparticles from air (Lolla, 2016). It is also
speculated that polarized mats will aid separation of water from ultra-low sulfur diesel (ULSD) fuel. The
polarization would attract the polar water molecules and help separate them from the nonpolar diesel fuel.
Also, the PVDF polymer chain is a flexible and elastic nanofiber. These elastic nanofibers have an
inherent stretch. The elastic nature was preserved by spinning the fibers onto a spring. In this work
tubular PVDF nanofiber mats were studied. The objective of these experiments is to polarize electrospun
membranes on the surface of a spring.
Results
This research had several different components. Tubular mats of 20, 40, and 60 grams per square
meter (g/m2) were electrospun on the surface of a spring. The spring constant of the spring with no mat,
20, 40, and 60 g/m2 mats were measured.
Table 1. Spring Constants as a function of Basis Weight
Basis Weight (g/m2)
0
20
40
60

Spring Constant (N/m)
92.66
331.2
337.6
579.5

For the first part of this experiment polyvinylflouride (PVDF) was dissolved into solution and electrospun
onto the surface of a spring. Samples of 20, 40, and 60 g/m2 basis weight were electrospun. These
samples were tested for elongation to determine how the spring constant was affected. The samples were
polarized via heating and stretching and electrostatic measurements were taken. The samples were also
examined using a scanning electron microscope before and after polarization. These polarization
experiments proved to be ineffective.
For the second portion of the experiment the recipe and polarization process were adjusted to

Moore 3
more closely mimic previous research and potentially yield polarized samples. The same polymer PVDF
was used but in a lower molecular weight (Kynar 741 instead of Kynar 761). Ten weight percent PVDF
was dissolved in a 1 to 1 ratio of DMF and acetone and mixed at 70 degrees Celsius. Trifluoroacetic acid
(TFA) was added at 3 weight percent of the total mixture to aid the decrease the beading on the fiber
surface. Also, 20 weight percent PVDF was dissolved in an 80:20 ratio of acetone to DMF. Testing
procedures to confirm polarization were inconclusive. A new surface charge measuring apparatus is being
created.
Conclusion
In this work PVDF was dissolved at 12 weight percent in acetone and DMF. This solution was
electrospun onto a spring. The fibers are elastic and it was desired to keep the mat elastic and hence the
use of the spring. An apparatus was constructed for polarization purposes. The tubular mats were not
successfully polarized under the conditions used.
Broader Implications
During this project the skills acquired include laboratory skills, data analysis, electrospinning,
project design, problem solving, and interpersonal communication. These include skills in material
science, electrical chemistry, and polymer science. This project introduced the concepts of
electrospinning and creation of a polarization apparatus.
A polarized mat on a spring is a unique idea for filtration. PVDF nanofiber membranes have
successful in filtering particles from air (Lolla, 2016). It was desired to see if a tubular geometry would
beneficial to a water and diesel fuel filtration process. The applications for polarized tubular mats include
filtering polar contaminants from fuels, such as liquid or solid contaminants, filtering ionic solids or
dissolved solids from nonpolar liquids, and membrane reactors. The tubular geometry may be beneficial
for two-phase filtration. Filtration of ionic solids may also prove more effective with a tubular PVDF
nanofiber membrane.
Recommendations
Future research in the area of polarized nanofiber tubes will be the efficiency in filtering polar
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molecules from nonpolar molecules. The apparatus should be adjusted to increase the voltage through the
spring itself rather than a central rod. An apparatus with a central rod made of copper could be tested to
see if electrical conductivity of the metal can raise the efficiency of the polarization process. The voltage
for polarization should also be increased to be approximately 30 kilovolts. A Faraday cage will be created
to more accurately measure the electrostatic surface charge on the spring membrane. The polymer
solution formulation may not have as much influence over the polarization as previously thought. A
formulation that provides spinnable fibers should be able to be polarized. The rotations per minute should
also be analyzed because in theory the higher the rotations the thinner the layers that are electrospun on
the spring. This may affect the polarization capacity.
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Abstract
The scope of this project is to find the optimal parameters to polarize a nanofiber membrane in a tubular
geometry as spun on a metal spring. Several different recipes were tested for electrospinning and
polarization. Some recipes proved unable to be electrospun. A polymer solution with 12 weight percent
resulted in good fiber formation. The results from the polarization attempts proved inconclusive as the
electrostatic surface charge did not appear to change. The readings were taken with an electrostatic field
meter. As a future experiment a new measurement technique with a Faraday cage will be utilized.
1. Introduction
Previous research has been conducted on the idea of polarizing fiber mats. This work is based on the
dissertation of Dinesh Lolla. Polarization is theorized to improve the separation of water and ultra-lowsulfur diesel (ULSD) emulsions. These fibers are also elastic and electrospinning them onto a spring
allows them to remain elastic while stabilizing them in a tubular geometry. The theory is that the tubular
geometry will require a lower voltage to polarize.
Stretching the spring orients the fibers slightly and in theory allows for more effective polarization. The
springs in these experiments were stretched to 10% of their overall length.
2. Experimental Methods
2.1 Materials
The polymer used in this experiment was PVDF, under the brand names Kynar 741 and Kynar 761. N,Ndimethylformamide (DMF), acetone, and trifluoroacetic acid (TFA) were obtained from Sigma Aldrich.
Acetone was the main solvent for the polymer and DMF was used to hinder the acetone from volatilizing.
2.2 Electrospinning
A 12 weight percent polymer mixture of polyvinylidene fluoride was created and electrospun. Solutions
of acetone and N,N-dimethylformamide were measured on a laboratory scale to 11 grams each. This was
mixed well on a stir plate for approximately 30 minutes. The polymer was added to 3 grams. The solution
was then heated to 70 degrees Celsius and stirred for 60 minutes until the polymer dissolved in solution
and a homogenous mixture was created.
A syringe and 21 gauge blunted needle were connected via a 17 centimeter Teflon tube. See schematic in
appendix A for a similar setup. A positive electrical lead was connected to the blunted needle. A negative
lead was connected to an aluminum sheet. The aluminum sheet was then placed behind a rotating spring.
This created a voltage potential from the blunted needle to the aluminum foil but the spring collected the
electrospun fibers. Thus, this enabled the spring to have a mat spun onto the surface. A voltage of 18
kilovolts was used in all cases. The solution was then pumped via a syringe pump. The fibers were
collected on the spring’s surface. This higher voltage often produced physical spikes in the nanofiber
surface which decreased in size when the voltage was no longer applied.
Samples were spun in 20, 40, and 60 g/m2. These sample weights were the main basis weights used
throughout the experiments. This was achieved by weighing the initial weight of the spring. The area of
the electrospun membrane was calculated by modeling the spring as a cylinder as the electrospun
membrane forms a cylinder-like sleeve over the spring surface. The area of a spring 11.5cm long and a
radius of 0.24cm is 17.33 square cm. A target for the basis weight was then found to yield 20, 40, or
60g/m2. Fibers were then electrospun onto the spring until the final weight was achieved.
Flat samples were also spun for polarization verification. The spring was removed and the samples were
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spun directly onto aluminum foil. The initial weight was recorded, the area and target basis weight were
calculated and the final mass was weighed.
For the second part of the experiments a 50:50 weight percent of acetone and DMF were used with Kynar
741 at 10 weight percent and TFA at 3 weight percent. A syringe and a 21 gauge blunted needle was
again used with a 17 centimeter Teflon tube.
2.3 Polarization
A flux relationship was used to calculate the voltage drop needed to create a voltage potential of 20
kilovolts. The circular geometry allows for a lower voltage drop than a flat sheet. To polarize a flat sheet
requires 30 kilovolts (Lolla, 2016). Whereas the calculated voltage drop for a small spring of radius
0.24cm was calculated to be approximately 5 kilovolts to achieve polarization. Figure 1 shows the cross
section of the charged rod inside the spring and the grounded pipe.

Rpipe
Vpipe

Rspring
Vspring
Rrod
Vrod

Figure 1. This figure shows the cross section of the polarization apparatus (Figure 7).
The voltage flux is calculated in equations 1-7. The theory was that approximately 5kV would be needed
to polarize a tubular membrane on the spring in this study.
𝑟=𝑟𝑠𝑝𝑟𝑖𝑛𝑔 𝑑𝑉

𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑓𝑙𝑢𝑥 = ∫0
𝑑

𝑑𝑟

𝑑𝑟 (Eqn 1)

𝑑𝑣

(𝑑𝑟) (𝑟 ∗ 𝑑𝑟 ) = 0 (Eqn 2)
𝑉 = 𝐶1 ∗ ln(𝑟) + 𝐶2 (Eqn 3)
𝑉𝑟𝑜𝑑 − 𝑉𝑠𝑝𝑟𝑖𝑛𝑔 = [𝐶1 ∗ ln(𝑅𝑟𝑜𝑑 ) + 𝐶2 ] − [𝐶1 ∗ ln(𝑅𝑠𝑝𝑟𝑖𝑛𝑔 ) + 𝐶2 ] (Eqn 4)
𝐶1 =

𝑉𝑝𝑖𝑝𝑒 −𝑉𝑠𝑝𝑟𝑖𝑛𝑔
𝑅𝑝𝑖𝑝𝑒
)
𝑅𝑠𝑝𝑟𝑖𝑛𝑔

(Eqn 5)
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ln(
)
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1.045𝑐𝑚
ln(
)
0.24𝑐𝑚

∗ ln (𝑅

𝑅𝑟𝑜𝑑

𝑠𝑝𝑟𝑖𝑛𝑔

) + 𝑉𝑠𝑝𝑟𝑖𝑛𝑔 (Eqn 6)

0.0795𝑐𝑚
)+
0.24𝑐𝑚

∗ ln (

2.6𝑘𝑉 (Eqn 7)

Springs of 11.5 cm were measured and the radius was 0.24cm. The area was calculated to be 17.33 square
cm. With the designed apparatus (see appendix) the spring was stretched from 10 cm to 11cm. The
stretched spring was then placed inside an isotemp oven at 150 degrees for 20 minutes. The temperature
chosen was the Curie temperature found from literature values.
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These polarization experiments proved to be ineffective. The electrostatic field meter gave inconsistent
readings tending towards lack of polarization. The electrostatic field meter measured a square area and
would not accurately read a thin tubular membrane.
2.4 Electrostatic Analysis
For the first part of this experiment an electrostatic field meter was used. The electrostatic field meter was
held one inch away from the surface. The meter must be grounded to work properly. A reading is taken in
ambient air to zero out any charges that may be detected by the meter. The meter measures a small area of
the sample. Thus, many readings need to be measured on one sample and the results averaged. See Figure
8 in the appendix.
2.5 Scanning Electron Microscope
Images were taken of the 12 weight percent samples before and after polarization. Images for unpolarized
mats are shown in Figure 11-16 in the appendix.
Figure 2 shows an image taken of the 12 weight percent sample that was electrospun on a spring. The
average fiber diameter was 650 nanometers.

Figure 2. This figure shows an SEM image of PVDF an unpolarized tubular mat spun on a spring. The
average fiber diameter for this sample was 650 nanometers. Spinning parameters include a 17 centimeter
long Teflon tube connecting the
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Figure 3. This figure shows the results of electrospraying onto a spring to form a tubular mat. The fiber
diameter varies significantly.
2.6 Spring Constant
The spring constant was found for the first portion of the experiments with the 12 weight percent PVDF.
Weights of a known mass were hung from the bottom of the sample. The initial and final lengths were
measured with a caliper. Four different basis weight values were tested, 0 g/m2, 20, 40, and 60.
Hooke’s law was used to calculate the spring constant.
𝑚𝑔 = −𝑘∆𝑥 (Eqn 8)
3. Discussion of Results
3.1 Electrostatic Analysis
These polarization experiments proved to be ineffective. The electrostatic readings showed low but
inconsistent readings, indicating lack of polarization. The area measured by the electrostatic field meter
was larger than that of the membrane which also added error to the readings. The electrostatic field meter
measured a square area and would not accurately read a thin tubular membrane. The electrostatic meter
showed low readings before and after polarization attempts. Springs and flat sheets were both tested. This
low voltage result could be due to a lower voltage used (around 5 kV) during the polarization attempts. A
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voltage of 30kV should be tested. The polarization apparatus should be modified to direct the voltage into
the spring itself rather than a central rod.
3.2 Electrospinning
The smaller the concentration of polymer within the solvent the more difficult it is to electrospin. The
solution is not viscous enough to flow properly from the syringe and electrosprays rather than
electrospining.
The 10 weight percent polymer mixture of PVDF allowed electrospraying and made electrospinning
impractical. The mixture of 20 weight percent polymer (Kynar 741), once heated produced a gel
formulation which caused electrospinning to be extremely difficult. A new formulation of 80:20 DMF to
acetone will be attempted as the next step to experiments.
It was discovered that the method of adding components to the mixture is also important. The DMF must
be added first, then the acetone. These two are then mixed with a stir bar for 20-30 minutes. The polymer
is then added and dissolves in the acetone. This solution is covered and heated to 70 degrees Celsius
while stirring for 30 minutes.
3.3 Spring Constant
Table 1 lists the measured spring constants. Three different springs with spun membranes were measured.
The 0 g/m2 spring was the original spring without a membrane. For the 20 and 40 g/m2 the spring constant
was measured to be fairly similar. This similarity was most likely due to error or inconsistency in
membrane density. One experiment was performed and the measurements were not repeated. Hooke’s
law was used to calculate the spring constant.
Care was taken to measure the spring constant of the membrane by attaching the weight through the
membrane and spring thus minimizing slippage during testing. After testing the membranes showed signs
of slippage on the spring after the weight was removed. This slippage was indicated in that the membrane
was wrinkled upon removal of the hanging weight.
Table 1. Spring Constants as a function of Basis Weight
Basis Weight (g/m2)
0
20
40
60

Spring Constant (N/m)
92.66
331.2
337.6
579.5

Figure 2 shows the relationship between the basis weights and the spring constant. The higher the basis
weight (the thicker the spun membrane) the higher the spring constant. As the thickness of the mat
increases the spring movement is restricted and does not stretch as much as the original spring.
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Spring Constant versus Basis Weight
Spring Constant (N/m)

700
600
500
400
300
200
100
0
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Figure 4. Spring constant as a dependent on basis weight. Line meant to guide the eye only. One
experiment was performed and the measurements were not repeated.
4. Summary and Conclusions
The original polarization by Dr. Dinesh Lolla was with a 10 and 20 weight percent polymer solution in
the flat mat geometry (2016). In this work PVDF was dissolved at 12 weight percent in acetone and
DMF. This solution was electrospun onto a spring. The fibers are elastic and it was desired to keep the
mat elastic and hence the use of the spring as a support for the membrane to be stretched during
polarization. An apparatus was constructed for polarization purposes. The tubular mats were not
successfully polarized under the conditions used.
For part 2 of the experiment the initial recipe, and polarization process were modified to mimic previous
research and potentially yield polarized samples. The same polymer PVDF was used but in a lower
molecular weight (Kynar 741 instead of Kynar 761). Ten weight percent PVDF was dissolved in a 1 to 1
ratio of DMF and acetone and mixed at 70 degrees Celsius. Trifluoroacetic acid will be added at 3 weight
percent of the total mixture weight to aid the electrospinning process. This mixture resulted in an
electrospraying process rather than electrospinning. The fibers were inconsistent in diameter. Also part of
the second experiment, a mixture of 20 weight percent polymer was dissolved in 80:20 acetone to DMF.
This produced a gel as the acetone volatized, which caused electrospinning to be difficult.
5. Future Research
Future experimentation with tubular nanofiber polarization should include a Baker oven or kiln which
will reach a higher and more consistent temperature than the isotemp oven. The Baker oven provides a
ramp up to temperature and a final ramp down. This more closely followed the initial research on which
these experiments are based. A voltage of 30 kilovolts will also be tested to see if an increase in the
voltage will increase the polarization effect.
Further research can be done in the area of polarized nanofibers. A variety of voltages for polarization
should be studied and optimized. An apparatus with a central rod made of copper could be tested to see if
electrical conductivity of the metal can raise the efficiency of the polarization process. The polarization
apparatus should be adjusted to increase the voltage through the spring itself rather than a central rod. The
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voltage for polarization should also be increased to be approximately 30 kilovolts.
The electrostatic field meter showed inconclusive data. It was decided to create a Faraday cage in order to
more accurately measure polarization.
The rotations per minute should also be analyzed because in theory the higher the rpm the thinner the
layers that are electrospun on the spring. This may affect the polarization capacity.

Acknowledgements: The materials for this work were provided by Dr. George Chase and the laboratory
sponsors. Sponsors are the Coalescence Filtration Nanofiber Consortium including Ahlstrom, Bekaert,
Cummins Filtration, Donaldson Filtration Solutions, Hollingsworth & Vose Company, Parker Hannafin
Filtration division, and SNS Nanofiber Technology, LLC. Previous research was conducted in the area of
polarizing flat sheets by Dinesh Lolla, Manideep Lolla, Ahmed Abutaleb, Hyeon U. Shin, Darrell H.
Reneker, and George Chase. The author thanks Xu Zhang for co-design and construction of the
polarization apparatus and project advising. Also, Yalong Li for electrical field modelling. Thanks also
goes to Dr. Reneker, Harshal Gade, and Lin Pan for their advice and help in conducting experiments. Dr.
George G. Chase advised the work. Dr. Michael Cheung, Dr. Edward Evans, and Dr. Bi-min Newby read
the proposal and final report.

References
1. Lolla, Dinesh. Fabrication, Atomic Scale Imaging, Polarization of Polyvinylidene Fluoride
Nanofibers and Applications as Electrets. 2016. A Dissertation Presented to The Graduate
Faculty of The University of Akron.

Moore 12

Appendix A

Figure 5. The photograph shows the progression from 20 g/m2 (top) to 40 and 60 g/m2of the 12 weight
percent mixture.
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Figure 6. This apparatus was designed and fabricated to induce static charge on the nanofiber mat in
tubular geometry. The rod is placed inside the spring and the spring is stretched between the two rubber
stoppers. The rod is charged. The pipe is then placed around the spring. A ground is connected to the
pipe. This apparatus is then heated while applying current.
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Figure 7. This figure shows a similar process with the voltage potential between the center charged rod
and the outer grounded pipe. It can be seen that the voltage potential radiates outward with decreasing
intensity. Picture source is from Dr. Chase using FLEXPDE.
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Scanning Electron Microscopy Images

Figure 8. This figure shows an SEM image of an unpolarized tubular mat spun on a spring with the 12
weight percent polymer solution.
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Figure 9. This figure shows an SEM image of an unpolarized tubular mat with the 12 weight percent
polymer solution.
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Figure 10. This figure shows 10 weight percent polymer solution electrospun onto a spring.
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Figure 11. This figure shows 10 weight percent polymer solution electrospun into a mat.
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Figure 12. This figure shows 10 weight percent polymer solution electrospun onto a spring.
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Figure 13. This figure shows 10 weight percent polymer solution electrospun into a mat.

